Both a murine monoclonal antibody to phosphatidylinositol phosphate (PIP) and a human monoclonal antibody (4E10) that is known to have broadly neutralizing capabilities against primary isolates of human immunodeficiency virus type 1 (HIV-1) bound to PIP, as determined by enzyme-linked immunosorbent assay. Each of the antibodies had antigen subsite binding specificities in aqueous medium for small phosphatecontaining molecules and for inositol. The anti-PIP monoclonal antibody inhibited infection by two HIV-1 primary isolates in neutralization assays employing primary human peripheral blood mononuclear cells. The data suggest that PIP or related lipids having free phosphates could serve as targets for the neutralization of HIV-1.
Among the most challenging and important unsolved problems in human immunodeficiency virus type 1 (HIV-1) vaccine development is the inability to produce broadly neutralizing antibodies to HIV-1 (11) . Antibodies to HIV-1 envelope proteins, including the CD4 and chemokine receptor binding sites, have been produced by HIV infection or vaccination, but because of mutation at critical sites, or because of steric effects, neutralization by antibodies is generally not broadly effective for preventing HIV-1 viral infection. In order to probe the HIV-1 envelope protein for neutralizing sites, a group of rare broadly neutralizing human monoclonal antibodies (MAbs) to HIV-1 serve as critically important models for developing target epitopes in HIV-1 vaccine antigen design (9, 31) .
Recently, an important observation was made that two of these neutralizing human gp41 MAbs, known as 4E10 and 2F5, cross-reacted with cardiolipin (CL) and are in the category of antibodies that have lupus anticoagulant-type anti-CL specificities (18, 29) . This observation is also consistent with a previous finding that HIV-1 could bind to, and fuse with, CL liposomes and that such binding inhibited infection of A3.01 cells by HIV-1 (20) . The latter result suggested that HIV-1 has a binding site for CL. The results from the two laboratories could be interpreted as indicating that CL might serve as a binding site for HIV-1 and that interference with the binding to CL could be exploited for vaccine development (22, 23) . However, balanced against this, it is known that CL is not present as a lipid constituent of either HIV-1 or the plasma membrane of any mammalian cell (1) , and this therefore raises the question of whether an alternative lipid antigen might actually be the real neutralizing, and perhaps more important, target of 4E10 and 2F5. Reactivity of 4E10 also occurs with other individual phospholipids, including phosphatidylserine, phosphatidylethanolamine, phosphatidylcholine, and even phosphatidylcholine liposomes (18, 28) . Because of this, it has been suggested that binding of 4E10 to phospholipids is due only to nonspecific hydrophobic interactions of the 4E10 antibody with the fatty acyl regions of the lipid bilayer (28) .
Specific polyclonal and monoclonal antibodies to phosphatidylinositol-4-phosphate (PIP) can be readily induced in mice by injection of liposomes containing PIP as an antigen and lipid A as an adjuvant (3, 33) . Four complement-fixing murine MAbs to PIP, selected for their abilities to react with liposomes containing PIP but not with liposomes lacking PIP, have been extensively studied (2, 3, 6, 16, 17, 30, 32, 33) . The anti-PIP antibodies are characterized by the ability to react with various types of phosphorylated molecules, including certain closely related anionic phospholipids that have charged nonzwitterionic phosphate groups, such as CL (2) , and also with denatured DNA (30) . Presumably because of cross-reactivity with CL, anti-PIP antibodies gave positive results in clinical assays for lupus anticoagulant activity (2) . Anti-PIP antibodies can be inhibited by small soluble phosphorylated molecules, such as inositol hexaphosphate (but not inositol), phosphocholine (but not choline), and nucleotides (but not nucleosides) (3, 30, 33) . Because of the phosphate-binding subsite that allows such haptenic inhibition to occur, the antibodies can actually serve as high-affinity carriers and donors for biologically important molecules, as shown by the ability of ATP bound to anti-PIP antibodies to serve as a high-energy phosphate donor for an enzymatic (hexokinase) reaction (32) .
In addition to providing information about the molecular architecture of antigen binding subsites, MAbs to PIP are useful probes for exploring potentially important biological binding and receptor activities. Anti-PIP antibodies bind directly to membrane phospholipids on adherent but not on nonadherent macrophages (16) . There is also evidence that PIP can be expressed on the cell surface and act as a receptor for diphtheria toxin (6) . Antibodies to PIP inhibited diphtheria toxin-induced CHO cell cytotoxicity (17) .
In view of this, we investigated the potential role that antibodies to PIP might play in the identification of target phospholipid antigens for the induction of effective neutralizing antibodies to HIV. We demonstrate here that not only does the 4E10 antibody resemble anti-PIP antibodies in that it binds to PIP and can be inhibited by small phosphorylated molecules, but specific monoclonal anti-PIP antibodies also resemble 4E10 in that they neutralize primary isolates of HIV-1.
Murine monoclonal immunoglobulin M (IgM) antibodies to PIP were obtained after mice were immunized with liposomes containing PIP as an antigen and lipid A as an adjuvant, as previously described (33) . IgM antibody was purified from ascites fluid containing anti-PIP antibody no. 4 by using the protocol supplied with the ImmunoPure IgM purification kit and Slide-A-Lyzer dialysis cassettes (Pierce Chemical Co., Rockville, IL). Monoclonal antibody 4E10 was obtained through the NIH AIDS Research and Reference Reagent Program. The activities of the anti-PIP and 4E10 antibodies were assayed by enzyme-linked immunosorbent assay (ELISA) as described previously (2), with slight modification. Briefly, phospholipid antigen (10 nmol) in 80% ethanol or methanol was dried by evaporation at the bottom of polystyrene ELISA microtiter wells. Plates were blocked with 3% bovine serum albumin in 20 mM Tris-HCl, pH 7.4, and 154 mM NaCl for 2 h; 800 ng/0.1 ml of purified MAb was added per well. Phosphate inhibitors or inositol was used, as indicated, by incubating 30 mM of the compound with the antibody at room temperature for 30 min prior to the addition of the antibody to the antigen. Appropriate goat anti-human IgG or anti-mouse IgM secondary antibody conjugated to alkaline phosphatase was added, and after the addition of substrate, the plates were read at 405 nm. The methods for isolation, propagation, and titration of HIV-1 isolates and the peripheral blood mononuclear cells (PBMC) (10) and pseudovirus/TZM-bl (21) neutralization assays were used as previously described. Briefly, virus was combined with the neutralization reagent for 30 min and incubated at 37°C. Phytohemagglutinin-stimulated PBMC were added and incubated overnight at 37°C. The following day, cells were washed three times and incubated at 37°C. After 4 days, extracellular p24 was measured and percent neutralization was calculated as described previously (10) . Included in each experiment was a positive neutralization control (USHIVϩ). The average neutralization percentage at a 1:40 dilution of USHIVϩ was 84%, with a standard deviation of 12%. For the pseudovirus assay, virus and neutralization reagent were combined and incubated for 1 h at 37°C. TZM-bl cells were then added and incubated at 37°C. After 2 days, cells were washed and lysed, luminescence reagent was added, and luminescence was measured. For these assays, USHIVϩ at a 1:40 dilution had an average neutralization of 84%, with a standard deviation of 14%.
ELISA titers and affinities of murine and human antibodies that are assayed with different types of phospholipid antigens (for example, murine and human antibody binding titers or affinities to CL and PIP) cannot be meaningfully compared directly from a quantitative standpoint. This is because relatively insoluble lipids often form different or nonhomogenous layering patterns on ELISA wells, and different secondary antibodies are used for detecting murine and human antibodies. Despite this, the subsite binding specificities of the antibodies can be probed by examining the relative patterns of inhibition or enhancement of antibody binding in the presence of soluble haptens in the fluid phase (3). The patterns of effects of soluble haptens containing free phosphate groups or inositol are described below.
The phosphate-binding subsite of anti-PIP (3, 33) is revealed by the ELISA data in that casein, a highly phosphorylated protein, was inhibitory to binding of anti-PIP both to PIP and to cardiolipin, as was phosphocholine, but no inhibition was found with choline ( Fig. 1A and B) . The recently reported binding of the 4E10 antibody to CL (18) is confirmed by our data (Fig. 1B) , and a new specificity of binding of 4E10 to PIP was also observed (Fig. 1D) . The 4E10 antibody, as with anti-PIP, has a similar phosphate-binding subsite in that the binding to CL and PIP was inhibited by phosphocholine but not by choline (Fig. 1B and D) .
The binding of the anti-PIP and 4E10 antibodies to PIP was not inhibited by soluble haptenic inositol (Fig. 1C and D) , and inositol actually enhanced the binding of the antibodies to the antigen (Fig. 1C and D) . No enhancement was observed in the binding of the antibodies to CL in the presence of inositol (Fig.  1A and B) . Separate experiments suggested that the enhancement of binding of the antibodies to PIP, but not to CL, probably reflects a low-affinity hydroxyl-hydroxyl association of inositol with the polyhydroxyl head groups on PIP, combined with low-affinity inositol subsites in the anti-PIP and 4E10 antibodies. This was determined by highly reproducible and significant but extremely low counts of association of [ 3 H]inositol with PIP but not with CL coated on ELISA microtiter wells (data not shown).
The murine anti-PIP monoclonal antibody was examined for possible HIV-1 neutralizing activity in a model utilizing the inhibition of infection of PBMC. As shown in Fig. 2A and B, the anti-PIP antibody exhibited neutralizing activity that blocked infection of PBMC by both HIV strains 91US_1 ( Fig.  2A) and 00KE_KER2018 (Fig. 2B) , both of which are primary isolates of HIV-1. For negative controls, we examined the neutralization of 91US_1 with two irrelevant murine IgM MAbs to phosphocholine, MOPC-104E (Sigma, St. Louis, MO) and TEPC 183 (Sigma, St. Louis, MO), as well as a human IgM MAb to lipid A, C5 (ATCC, Chantilly, VA). In two experiments, none of these MAbs mediated neutralization (data not shown). Blinded independent confirmation of the neutralizing activity of the anti-PIP antibody for blocking 91US_1 infection of primary PBMC (both with PBMC from the donor shown in Fig. 2A and with PBMC independently obtained from a separate donor) was kindly provided by John Mascola at the Vaccine Research Center, NIH (data not shown). We conclude that anti-PIP antibodies can neutralize two primary isolates, derived from either clade A (00KE_KER2018) or clade B (91US_1), when PBMC are used as target cells.
Interestingly, when the anti-PIP and 4E10 antibodies were tested against pseudoviruses from the same clades in the TZM-bl cell line model system, the 4E10 antibody exhibited neutralization, but the anti-PIP antibody did not (Fig. 3) . Neutralization by 4E10 is less potent with the PBMC assay than with the pseudovirus/TMZ-bl assay, and as shown in Fig. 3 , the variability around the data points is more tightly spaced in the latter assay. This observation is compatible with previous findings that the pseudovirus/TZM-bl assay shows more neutralization than PBMC-based assays when 4E10 is used. In contrast, with X5, a broadly neutralizing gp120 antibody, more neutralization is observed in the PBMC assay than in the TZM-bl-based assay (9, 12) . Although the reasons for the discordances between the two assays are still undetermined, TZM-bl (also known as JC-53BL) is a HeLa cell-based cell line that contains levels of CCR5 that may be at least 10-fold higher than those in PBMC (25) . It has been reported that high concentrations of CCR5 in HeLa lines are associated with lower neutralization efficacy with X5 antibody (12) , and anti-PIP antibodies may be similar to X5 in this respect. It is well known that high protein/lipid ratios can sterically inhibit binding of antibodies to lipids on cells or lipoproteins (4, 5, 13, 16) . In a striking example of the absence of binding to whole cells, antibodies to PIP did not bind to nonadherent cultured macrophages, as determined by indirect immunofluorescence (16) . We have also found that anti-PIP antibodies do not bind to PBMC, as determined by fluorescence-activated cell sorter analysis (data not shown). Based on this, it would seem unlikely that anti-PIP is directly reacting with the target cell prior to binding of HIV-1. However, one simple hypothesis to explain the poor neutralization by anti-PIP in the pseudovirus/ TZM-bl system compared to that in the PBMC assay is that the anti-PIP antibodies might neutralize HIV-1 by binding to viral lipids when the lipid bilayer of the virus directly interacts with the lipid bilayer of the target cell. A further possibility is that anti-PIP reacts with phosphatidylinositol-4,5-bisphosphate during viral assembly and budding (27) . In either case, such binding of anti-PIP to the viral lipids might be sterically hindered by excessively high levels of adjacent CCR5 protein on the TZM-bl target cell when the viral and plasma membrane lipid bilayers are closely apposed.
Our data with murine MAb anti-PIP and human MAb 4E10, (14) , is synthesized by a phosphatidylinositol-4-kinase that is located in the lipid rafts and caveola-like vesicles of the plasma membrane of eukaryotic cells (7, 34) . A huge and sometimes confusing array of proteins bind to inositol phosphatides, perhaps the most wellknown of which are glycosylphosphatidylinositol (GPI)-anchored proteins (19) . Certain GPI-anchored proteins, such as Thy-1 and CD59, are incorporated into the HIV-1 virion during budding of the virus from lipid rafts (24) . In addition, non-protein-linked (i.e., free) GPI is displayed on the surface of mammalian cells (8) , and free GPI would presumably be incorporated into HIV-1. GPI-anchored proteins were originally discovered on the surface of Trypanosoma brucei (15) , and antibodies to phosphatidylinositol and PIP were induced in rabbits infected with Trypanosoma rhodesiense (26) . Thus, PIP in an infectious organism can be immunogenic, and it appears possible that PIP in the lipid bilayer of the HIV-1 virion or in the host cell, or in other membrane lipids with free phosphate, could represent a target for neutralizing antibodies to HIV-1. The present data suggest that 4E10 initially binds specifically to the head groups of the phospholipids, particularly with phosphate groups, and this occurs prior to nonspecific hydrophobic sequestration of 4E10 among the buried phospholipid fatty acids (28) . Regardless of the exact mechanism of neutralization by anti-PIP and 4E10 antibodies, it does appear evident that the phosphate-binding subsite, and possibly the inositolbinding subsite, of each antibody might play a role. The data suggest that the initial neutralizing effects of anti-PIP, and perhaps 4E10, may be more strongly associated with the head groups of the phospholipids than with hydrophobic interactions with the hydrophobic regions of either HIV-1 or plasma membrane lipid bilayers.
